The three youngest age-classes of needles of Norway spruce (Picea abies) were collected from four sites in the Krusne Hory Mountains (Czech Republic) characterized by different levels of damage caused by environmental pollution. Histochemical methods did not reveal any differences in localization of phenolics among the needles. Mesophyll cells close to the epidermis of needles and cells around resin ducts and substomatal cavities often accumulated higher amounts of phenolics than the rest of the mesophyll cells, but this was independent of age and damage. Needles of different age-and damage-class did not show any marked changes in general lignification pattern. However, a lower intensity of histochemical detection of lignin was observed in needles from the most damaged site. This finding was confirmed by chemical analysis using thioglycolic acid. Generally, the amount of lignin in mesophyll cells was lower in damaged trees than in healthy ones. Using the Folin-Ciocalteau method, no significant differences in the total content of phenolics were observed in the needles, although HPLC revealed marked alterations in the forms of seven phenolic acids. Concentrations of conjugated forms of phenolic acids (esters and glycosides) were higher in damaged needles (255n9 µg g −" f. wt) than in healthy needles (189n8 µg g −" f. wt). By contrast, content of esterified phenolic acids incorporated into cell walls was higher in needles from healthy trees (101n1 µg g −" f. wt) than in damaged needles (78n3 µg g −" f. wt). Marked differences were also observed in the activity of soluble peroxidases, although the activity of ionically bound forms was approximately the same in healthy and damaged needles. The total amounts of chlorophylls and carotenoids decreased as environmental damage increased.
phur in March 1995 was as high as 1500-2000 tons per 100 km# (Ganoon, 1997) . Assessment of forest conditions in the Krusne Hory Mountians, based on foliar loss and needle chlorosis and necrosis began in the late 1950s. Although this assessment can be sufficiently precise it is often biased, because it is observer-dependent. Moreover, it does not reveal the previsual stages of damage.
Our own research, and that of others, has shown that previsual symptoms of damage to conifer needles by atmospheric pollution can be revealed at the histological level. The anatomical structure of needles (Moss et al., 1998) and accumulation of phenolic compounds (Zobel & Nighswander, 1991) are potential markers of nonvisible damage in conifers.
Induced deposition of phenolic compounds has been documented for various stress factors including atmospheric pollutants (Vogelmann & Rock, 1988 ; Lewis & Yamamoto, 1990) . The amount, composition, and subcellular localization of condensed tannins and lignin, two common groups of polyphenolics in spruce, are related to the developmental stage and organ (Makkar et al., 1991 ; Boudet et al., 1995 ; Bilkova et al., 1999) . Soluble phenolics have significant antioxidant effects and are considered to be stress-related (Wild & Schmitt, 1995) . For example, an increasing amount of catechin was observed in needles of Norway spruce of different damage classes as a consequence of atmospheric pollution (Richter & Wild, 1992) and after exposure to ozone (Booker et al., 1996) .
Accumulation of polyphenols is usually accompanied by increased lignification in bark (Oven & Torelli, 1994) . Atmospheric pollutants such as ozone were shown to enhance lignin accumulation in needles of coniferous trees (Booker et al., 1996) . Wounding and pathogens also greatly influence the patterns of lignification in a tissue. Response to injury is usually very rapid (Oven & Torelli, 1994 ; Hawkins & Boudet, 1996) and spatial reinforcement of lignified cell walls rapidly produces an effective protective barrier at or near the point of injury (Graham & Graham, 1991) .
Peroxidases (EC 1.11.1) are involved in many important metabolic processes. Soluble peroxidases might be involved in the breakdown of hydrogen peroxide (e.g. NADH-peroxidase) as well as in the oxidation of indoleacetic acid (IAA), and peroxidases that are ionically and covalently bound to cell walls have been suggested to be involved in lignin formation in the cell wall (Whitmore, 1976 ; Gross, 1980) . Peroxidases also actively contribute to the defence of plants against pathogens (Felton & Duffey, 1991 ; Hrubcova! et al., 1992) and to wound healing (Smith et al., 1994) . There is extensive evidence that air pollutants such as nitrogen dioxide (Horsman & Wellburn, 1975) or sulphur dioxide (Khan & Malhotra, 1982) cause change in activity and\or isoenzyme composition of peroxidases.
The amount of photosynthetic pigments in conifers is known to be dependent on environmental factors such as irradiation (Demmig-Adams et al., 1996) , temperature (Siefermann-Harms, 1994) , and mineral deficiencies, particularly of magnesium (Solberg et al., 1998 ), phosphorus (Bouma & Dowling, 1982 , and nitrogen (Puech & MehneJakobs, 1997) . Atmospheric pollutants can also affect the content of photosynthetic pigments (Rock et al., 1988) although contrary results are frequently reported (Carter et al., 1995 ; Shan et al., 1995 ; Kronfuβ et al., 1998) .
The goal of this study was to assess changes in the amount, localization, and composition of phenolic compounds, photosynthetic pigments and activity of guaiacol peroxidase in needles of P. abies representing four different degrees of visual damage. In order to obtain quantitative as well as qualitative data, a combination of biochemical and histochemical methods was used.
  
The four sites selected for study are located in 60-yrold Norway spruce forests in the western Krusne Hory Mountains, Czech Republic (Fig. 1) . The aspects and elevations (c. 900 m above sea level), and climatic and soil conditions of the sites are similar, but they differ greatly in degree of exposure to atmospheric pollution and level of damage (Table  1) . Numbering of sites corresponds to degree of damage : Site 0 was the healthiest and its damage class (DC) was 0. Site 1 exhibitied a moderate degree of damage (DC 1). Both sites are located near the airquality monitoring station in Prebuz (Table 1) . Site 2 showed of a high degree of damage (DC 2) and Site 3 was the most heavily damaged (DC 3), all trees dead or dying. Sites 2 and 3 are near the air-quality monitoring station in Medenec (Table 1) . Additional stand characteristics are given in Table 1 .
At the end of August 1998, when current-year needles were fully developed and physiologically mature, fully sun lit branches were collected, using pruning poles, from the middle third of the functional crown (approx. 10-12 m above the ground). These branches were taken from each of five representative trees located within a stand at each site. First-, second-, and third-year needles were collected directly at the site and taken in a portable freezing box (k4mC) to a laboratory, where they were weighed and placed in a freezer (k70mC) within 8 h of collection to await analysis. Enough branch material was collected to allow the determination of the total number of needle-age classes retained per branch (Table 1) .
Histochemical analyses
For the detection of phenolics, cross sections of the middle part of needles were made with a hand microtome (Leica, Prague, Czech Republic). The presence of phenolic compounds was determined using Fast Blue BB Salt, which has the ability to react specifically with these compounds (O'Brien & McCully, 1981) to give a characteristic reddishbrown reaction product. The Vanillin-HCl test (Gardner, 1975) was used to identify condensed tannins, whilst the Hoepfner-Vorsatz test (Reeve, 1951) provided more information about the chemical composition of the phenolics detected. Lignin was detected with phloroglucinol-HCl (Ne) mec, 1962) and by the Ma$ ule reaction (Jensen, 1962) . Lipid material was stained with Sudan 7B (Brundrett et al., 1988) .
Scanning electron microscopy
Fresh, healthy, and chlorotic needles were carefully pressed into dental latex. The negative prints obtained in this way were filled with epoxy resin. The resulting positive moulds were then coated with gold\palladium in a Hummer V sputter coater (Hummer, Springfield, VA, USA) and examined in an Amray 3300 SI scanning electron microscope (Amray, Belferd, MA, USA).
Determination of total phenolic material
Needles from all trees studied (20 trees in total, three age classes of needles per tree) were frozen in liquid nitrogen, homogenized with a Heidolph RZR 2020 homogenizer (Heidolph, Kelheim, Germany) and extracted in boiling methanol. The total amount of phenolics was determined with Folin-Ciocalteau reagent (Singleton & Rossi, 1965) using gallic acid as a standard.
Determination of phenolic acids
Phenolic acids were analysed in a combined sample of the third-year needles from all trees at Site 0 (healthy trees) and at Site 3 (the most-damaged trees). Phenolic acids were extracted as described by Cvikrova! et al. (1991) . Free (F " ), ester-bound (F # , released after alkaline hydrolysis), and glycosidebound (F % , released after acid hydrolysis) phenolic acids were obtained from a methanol extract of tissue ground in liquid nitrogen. Cell-wall-bound phenolic acids (F $ ) were obtained by alkaline hydrolysis of the residual material after methanol extraction. Phenolic acids were analysed by HPLC using a Pye Unicam PU 4002-Video Liquid Chromatograph (Pye Unicam, Cambridge, UK) with a Spherisorb 5 ODS column (250i4n6 mm). Two solvents were used : Solvent A, 5 mM citric acid, 5 mM sodium dihydrogen orthophosphate and 0n3 mM caprylic acid (adjusted to pH 2n0 by addition of phosphoric acid) ; Solvent B, 80% (v\v) methanol. Elution conditions were as follows : a linear gradient from 10-35% B in A for 70 min, gradients of 35-50% B for 15 min and of 50-100% B for 5 min, and finally 5 min at 100% B, followed by a gradient of 100-10% B for 5 min. The flow rate was 0n5 ml min −" and the column eluate was monitored at 260 and 300 nm with a Multichannel detector PU 4021. Authentic compounds (SERVA, Heidelberg, Germany) were used as references for quantitative analyses.
Peroxidase extraction and assay
All three age-classes of needles from Site 0 and Site 3 were frozen in liquid nitrogen, homogenized using a Heidolph RZR 2020 homogenizer in 10 mM sodium phosphate (pH 6n5) and centrifuged at 4mC for 20 min at 14000 g. Peroxidase (EC 1n11n1.7) activity was then determined as described by Hrubcova! et al. (1992) . Soluble peroxidase activity was determined in the supernatant. The pellet was washed once with phosphate buffer and several times with distilled water until no peroxidase activity could be detected. Peroxidase ionically bound to cell walls was extracted from the purified pellet with 1 mM NaCl. The reaction mixture (3 ml) contained 13 mM guaiacol, 5 mM H # O # , 50 mM Na-phosphate (pH 6n5) and 0n1 ml of the plant extract. Oxidation of guaiacol was followed by the increase in absorbance at 470 nm. One unit of peroxidase activity is defined as the activity that results in an increase of 0n1 absorbance unit per min at 25mC.
Determination of lignin content
In order to isolate cell walls, a pellet of previously homogenized needles was suspended in methanol and washed with a series of solvents : methanol, 1 M NaCl, 1% sodium dodecylsulphate, water, methanol, 1 : 1 chloroform\methanol (Lange et al., 1995) . Total lignin content was determined using thioglycolysis (Lange et al., 1995) . The absorbance of the extracted lignin was measured at the maximum absorption of 225 nm. The amount of lignin is given as an absorbance of extracted lignin per unit of fresh weight.
Determination of chlorophyll and carotenoid contents
The concentrations of chlorophylls a and b and the total amount of carotenoids were determined spectrophotometrically. Three age classes of needles from all study sites were analysed (20 trees in total). On average 0n5 g of sampled frozen needles was placed in 10 ml of dimethylformamide (DMF, Porra et al., 1989) and left in the dark at 8mC for 5 d until the needles were bleached. The absorbance of extracts was then measured at 480, 647 and 664 nm using a Unicam Helios α spectrophotometer. The amounts of chlorophyll and carotenoids were then calculated according to Wellburn (1994) .
Statistical analysis
When data were normally distributed then they were analysed by ANOVA and differences among treatments were detected by the Tukey-Kramer test. Nonnormal data were analysed using the KruskalWallis and Kruskal-Wallis Z tests.


Stand conditions and air pollution
The data presented in Table 1 show that sites 0 and 1 were exposed to similar levels of air pollutants as monitored by the Czech Hydrometeorological Institute station located in Prebuz, while sites 2 and 3 were exposed to the higher levels of pollutants monitored by the station in Medenec, frequently double those measured in Prebuz. Selected canopy and needle measurements (Table 1) suggest that sites 2 and 3 might represent similar degrees of damage. It is important to note that pollution levels at both sites decreased significantly 1996-98, and that first-year needles from both sites have been exposed to much lower levels of pollution than needles from previous years.
Needle anatomy
All needles studied displayed typical anatomical structure (Fig. 2a) . Stomata of needle epidermis from all sites were often plugged with particulate material (Fig. 2b) , as indicated by debris found after wax removal during processing for SEM (Fig. 3b) and confirmed by histochemical detection of lipidic material. Hypodermis was very pronounced in the corners of each needle. The central cylinder was occupied by the vascular bundle, which was surrounded by transfusion tissue and endodermis (Fig.  2a,d-f ). Between the hypodermis and endodermis was a compact chlorenchymatous mesophyll with intercellular spaces. Some of the mesophyll cells were plasmolysed (Fig. 2g-i) . Application of vanillin or phloroglucinol tests require the use of strong acid, usually concentrated HCl, and the plasmolysis observed in those sections (Fig. 2h,i) was most likely an artifact. Plasmolysis in needles treated with Fast Blue BB and Hoepfner-Vorsatz tests could indicate needle damage (Fig. 2g) . The walls of mesophyll cells were usually thin and straight but some were also irregularly thickened (Fig. 2c,g ). The occurrence of those altered cell walls was not significantly different in needles from trees of any damage class.
Localization of phenolic compounds
Phenolics were found in most of the vacuoles and cell walls of the needle tissue. Using histochemical methods, no visible difference in the localization of phenolics was found between needles of different ages and degrees of damage. However, some general patterns were recognized in the localization of phenolics in mesophyll cells. Cells closer to the epidermis tended to accumulate more phenolics than those adjacent to the endodermis (Fig. 2c) . The greatest accumulation of phenolics was often in cells surrounding resin ducts and substomatal cavities and close to the point of insect damage or fungal infection injury, especially in the small cells that had healed a wound (Fig. 2e) . No correlation between cell plasmolysis and the occurrence of phenolics was observed.
Most of the cytoplasmic phenolics stained with vanillin-HCl, which identified them as condensed tannins (Gardner, 1995) . However, differences in colour of the reaction products of phenolic compounds with Fast Blue BB and Hoepfner-Vorsatz tests indicate differences in the chemical composition of the accumulated phenolics. Unlike the mesophyll cells, thick hypodermal cell walls were not stained with either Fast Blue BB (Fig. 2d,e) or vanillin (Fig.  2f) . However, the hypodermis was highly stained with phloroglucinol-HCl (Fig. 2a) , which indicated the presence of lignin. This implies that Fast Blue BB and vanillin did not stain lignin and that the phenolics in mesophyll cell walls were not solely of a lignin nature.
Content of total phenolics
Using the Folin-Ciocalteau method, the average concentration of total phenolics in the needles of different age and damage classes was 58-81 mg g −" f. wt. No significant differences were found in the concentrations of phenolics in needles of different age classes or from trees of different damage classification. However, a possible trend towards increase in phenolics content with increased level of damage was observed (Fig. 4, Table 2 ).
Contents of phenolic acids
A comparison of the phenolic acids contents of needles from healthy (Site 0) and the most-damaged trees (Site 3) is presented in Table 2 . The total concentrations of free and bound phenolic acids in damaged needles were c. 15% greater than those in healthy needles (Table 2) . Seven phenolic acids were detected by HPLC : of these, p-hydroxybenzoic and vanillic acids are benzoic-acid derivatives, but pcoumaric, ferulic, sinapic and caffeic are cinnamicacid derivatives. Whereas the benzoic-acid derivatives occurred in both healthy and damaged needles mainly as soluble esters and glycosides, the derivatives of cinnamic acid were found predominantly within the cell-wall-bound phenolics. The amount of phenolic acids incorporated into cell walls F " , free phenolic acids ; F # , ester-bound methanol-soluble phenolic acids ; F $ , ester-bound cell-wall phenolic acids ; F % , glycoside-bound methanol-soluble phenolic acids ; pHBA, p-hydroxybenzoic acid ; VA, vanillic acid ; pCA, p-coumaric acid ; FA, ferulic acid ; CaA, caffeic acid ; SiA, sinapic acid ; CA, cinnamic acid. MeanspSE ; n l 3-5. decreased by 20% in damaged needles, while that of phenolic glycosides increased by c. 53% in damaged needles. No significant differences were found between the concentrations of free and soluble ester-bound phenolic acids (Table 2) .
Lignin content
Lignin, stained histochemically with phloroglucinolHCl, was found in the cell walls of most cells in all tissues. The Ma$ ule reaction did not stain needles at all. Most of the lignin was found in sclerenchyma cells of the hypodermis and of the vascular tissue. No difference was found in the pattern of lignin deposition in needles of different age class, although sometimes the cell walls of a localized group of mesophyll cells stained dark red or reddish-brown. Highly lignified cell walls occasionally occurred in needles from all sites but were more frequent in third-year needles at Site 3. When needles of different age classes sampled from sites with different degrees of damage were compared, no changes in the general pattern of lignin localization were observed. However, mesophyll cells of needles from Site 3 (Fig. 2i) were less stained than those from Site 0 (Fig. 2h) . This observation was independent of age and suggested lower lignin content in mesophyll cell walls of needles from more damaged sites.
Histochemical observation was supported by biochemical analysis (Fig. 5, Table 3 ). Needles from Site 0 had a higher average lignin content than those from Site 3 (statistically significant P 0n01). No statistically significant difference was found in lignin content of cell walls of needles from Site 1 and Site 2 (Fig. 5) . There was no overall difference in lignin content of needles from different age classes (Table  3) . However, there were inconsistent differences in the lignin content of different needle classes.
Peroxidases
Some general patterns of peroxidase activity were observed in needles from Site 0 and Site 3.
$ Needles from the current year had significantly lower peroxidase activity than second and third year needles (Fig. 6a,b) . $ Activity of soluble peroxidases was substantially greater than that of ionically bound peroxidases, representing 80-90% of the total peroxidase activity detected (Fig. 6c) .
The activity of soluble peroxidases was not significantly different in current-year needles collected from both sites. However, peroxidase activities in third-year needles were approximately ten times greater in needles from Site 3 than from Site 0 (Fig.  6a) . No significant differences were found in the activities of ionically bound peroxidases in needles from all age classes and study sites. 
Chlorophyll and carotenoids
Total concentrations of chlorophylls (Chl a jChl b ; Fig. 7a) , concentrations of chlorophyll a (Chl a ) and b (Chl b ), and total concentrations of carotenoids were lower in first-year needles from all sites than in older needles (Table 4 ; Fig. 7a,b) . At c. 2n9, the ratio of chlorophyll a to chlorophyll b (Chl a : Chl b ) was similar in all trees and age classes. The ratio of total chlorophyll to carotenoids was significantly higher in all needle age classes from the nondamaged Site 0 than in those from the most damaged Site 3 (Fig. 7c) . The concentration of carotenoids (C (x+c) ) was dependent on the damage class of site and the age class of needles. In Site 3, the most damaged, C (x+c) in current-year needles was only 60% of that of C (x+c) in needles from the previous years (Fig. 7b) . It should also be noted that current-year needles at undamaged Site 0 had more photosynthetic pigments (chlorophylls a and b and carotenoids) than those from the most damaged site (Table 4 , Fig. 7a ).

Norway spruce is very rich in secondary metabolites. We assume, from the results of the vanillin test, that the major part of mesophyll cytoplasmic phenolics consisted of condensed tannins (Gardner, 1975) , which are known to accumulate as a consequence of exposure to atmospheric pollutants (Richter & Wild, 1992) . The red staining of the phenolics, seen in the Hoepfner-Vorsatz test, suggests the presence of catechol and chlorogenic acids. However, no paleyellow compounds, indicating the presence of tannic acid, were observed in this test. The HoepfnerVorsatz test was originally designed and developed for biochemical use and tested only with individual phenolics by Reeve (1951) . Thus, lightly stained phenolics in cells could be masked if present in a mixture with other, darker-stained, phenolics. The present histochemical study revealed results similar to those of Zobel & Nighswander (1991) , that phenolics in all needles studied tended to accumulate more often in the outer part of mesophyll than in cells closer to the endodermis. The stomata themselves were often plugged with debris, and phenolics were also frequently observed in cells surrounding the substomatal cavity, suggesting that they accumulated in cells in direct contact with environmental pollutants.
Lignin stained with phloroglucinol-HCl was found in walls of most needle tissues, including mesophyll cell walls, but no staining was observed with the Ma$ ule reaction. Based on the finding that most conifers contain lignins of the guaiacyl type (Gross, 1980 ; Strack et al., 1988 ; Fengel & Wegner, 1989) , and on the specificity of the histochemical tests (Lewis & Yamamoto, 1990) , the observed lignin appears to be of the guaiacyl type. Although the general pattern of lignification was similar in needles from all age classes and sites, the differences in intensity of staining indicated a decrease in lignin content in needles from the most damaged site which was confirmed by the quantitative chemical data. The histochemical study also revealed that changes in lignification occurred in mesophyll cells (Fig. 2i) but not in hypodermal and vascular tissue. This could be explained by the physiological function of the cells. Because cells of the hypodermis and sclerenchyma fibres of vascular tissue provide mechanical support for needles, disturbance of the walls of these cells would result in a change in mechanical strength and a higher susceptibility of needles to mechanical damage or pathogen attack.
It is generally accepted that increased cell-wall lignification is a nonspecific reaction of plants to stresses (Lewis & Yamamoto, 1990) . However, data similar to ours have been reported by MaierMaercker & Koch (1986) , who found partly delignified cell walls in guard cells of Norway spruce after exposure to SO # . The mechanism through which acidic pollution possibly influences lignification was described by Pfanz & Oppmann (1991) . They assumed that sulphite (the product of detoxification of SO # ) competitively inhibited peroxides involved in lignification, which could cause decrease in lignin in affected tissues.
Similar lignin content and activity of cell-wallassociated peroxidases in needles of different age could be explained by completed lignification of first-year needles at the time of collection (end of Aug). Completed lignification and full maturation of current-year needles of Norway spruce at the end of August was also recorded by Polle et al. (1994) .
Mesophyll cell walls contained phenolics other than lignin. HPLC analyses indicated that substantial amounts of esters of p-coumaric and ferulic acids were incorporated into these cell walls. The presence of nonlignin phenolics in the primary cell wall has been documented by others (Fry, 1982) . For example, the typical nonlignin spruce phenolics include kaempferol 3-O-glucoside, p-coumaric acid, ferulic acid (Strack et al., 1988) and their esters (Graham & Graham, 1991) .
Using the Folin-Ciocalteau method we found no significant difference in total phenolic accumulation connected with age of and\or damage to needles. Neither ozone nor SO # affected total phenolics or catechins in Scots pine and Norway spruce (Kainulainen et al., 1994 (Kainulainen et al., , 1995 . Similarly, no significant changes in stilbene content were found in the stem barks of Sitka spruce and Norway spruce after one season of fumigation with ozone and 2 yr of SO # treatment (Pearce & McLeod, 1995) . This finding might be explained by the fact that stilbenes do not appear to act as stress metabolites in spruces (Woodward & Pearce, 1988) . However, HPLC analysis of extracts from the third-year needles showed changes in the total amount of phenolics and in the bound forms dependent on the extent of site damage (Table 2) . Cell walls of needles from the most damaged site contained 20% less ester-bound phenolic acids than did healthy needles. Esterified hydroxycinnamates bound to cell-wall polysaccharides might become cross linked by oxidation and stabilize the cell wall (Fry, 1982) . They might also function as ' anchorage ' points for deposition of lignin polymers (Lam et al., 1992) and might imply lower capacity of lignification. The content of phenolic glycosides was, by contrast, significantly higher in needles from the most heavily damaged site. Phenolic glycosides might represent the ' inactivated ' form of free phenolic acids, concentrations of which are strictly controlled in plant cells because of their potential toxicity (Harborne, 1980) .
The activity of peroxidase in second-and thirdyear needles was higher than in current-year needles. Khan & Malhotra (1982) considered that this phenomenon resulted from the involvement of peroxidase in aging and IAA oxidation. The greater activity of soluble peroxidase in needles from the most damaged site could also be connected with aging, because damaged needles did not appear to live as long as healthy ones. Another explanation could be the role of peroxidase in the elimination of toxic concentrations of hydrogen peroxide, which is produced in cells under acidic and\or ozone stresses (Pfanz & Oppmann, 1991) . Atmospheric pollution was considerably greater near Sites 2 and 3 ( Table  1 ). The increased activity of peroxidases in damaged needles could be attributed to detoxification processes. Based on current views on the involvement of peroxidases in lignin degradation (Call & Mucke, 1997 ; Gramss & Rudeschko, 1998) , the greater activity of peroxidases in needles from the most damaged site might explain lower lignin content.
The smaller concentrations of chlorophyll in needles from the more damaged sites correspond with the occurrence of chlorosis, used as one of the criteria for the estimation of forest health. However, Shan et al. (1995) found an increased amount of chlorophyll under acidic deposition. These contrasting results could be explained by the fact that acidic deposition is often the source of nitrogen, which has a great influence on chlorophyll content (Puech & Mehne-Jakobs, 1997 ; Solberg et al., 1998) . The finding that the current-year needles contained smaller amounts of chlorophylls and carotenoids suggests that, despite their structural maturity, these needles were still not fully physiologically mature.
Although Konec) na ! et al. (1989) observed that chlorophyll a is more sensitive than chlorophyll b to atmospheric pollution, we found no differences in sensitivity. Carotenoids seemed to be more sensitive to atmospheric pollution than chlorophyll. The decrease in the ratio of total chlorophyll to carotenoids in needles from damaged sites is in agreement with other studies (Siefermann-Harms, 1994 ; Solberg et al., 1998) .
Our results have confirmed some common assumptions about the influence of atmospheric pollutants on plants. However, our finding that damaged needles show a decrease in lignin content is contrary to what is commonly accepted. Similar results, as yet unpublished, have been obtained during our more extensive ongoing study. Our findings support the current view that the influence of air pollutants on vegetation is of a very complex nature, and that there is still much that is not well understood about the impacts of pollutants on forest conditions.
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